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The TrkC/NT-3 receptor/ligand pair is believed to be part of the
classic neurotrophic theory claiming that neuronal death occurs by
default when neurotrophic factors become limited, through loss of
survival signals. Here, we show that TrkC is a dependence receptor
and, as such, induces caspase-dependent apoptotic death in the
absence of NT-3 in immortalized cells, a proapoptotic activity
inhibited by the presence of NT-3. This proapoptotic activity of TrkC
relies on the caspase-mediated cleavage of the intracellular domain
of TrkC, which permits the release of a proapoptotic fragment. This
fragment induces apoptosis through a caspase-9-dependent mech-
anism. Finally, we show that the death of dorsal root ganglion
(DRG) neurons provoked by NT-3 withdrawal is inhibited when
TrkC-proapoptotic activity is antagonized. Thus, the death of
neurons upon disappearance of NT-3 is not only due to a loss of
survival signals but also to the active proapoptotic activity of the
unbound TrkC dependence receptor.
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he classic neurotrophic theory usually proposes that neuro-

nal survival depends on neurotrophic factors, such as neu-
rotrophins (1, 2). This theory also claims that death triggered
when these neurotrophic factors become limited is due to a loss
of survival signals (3). Neurotrophins include NGF, BDNF,
NT-3, and NT-4 (2). These proteins have been shown to be
crucial for the development of the nervous system, especially by
controlling the massive developmental loss of neurons that are
produced in excess and that fail to adequately connect their
targets. The current neurotrophic model holds that the main
neurotrophin receptors, TrkA, TrkB, and TrkC, generate sur-
vival signals via the PI3K/Akt and Rass/MEK/MAPK pathways
upon neurotrophin binding (3). This binding is thought to inhibit
the naturally occurring apoptotic death of neurons. However, a
weakness in this theory is that the molecular nature of the
“default apoptotic state” of the developing neurons is not
understood. One mechanism could be that a death signal is
actively generated in the neurons. When bound by the ligand,
death receptors of the tumor necrosis receptor family trigger
caspase activation and death of many cell types, but there is little
evidence of their involvement in the nervous system. However,
recent observations support that, depending on the availability
of the ligand, some receptors initiate two completely opposite
signaling pathways: in the presence of ligand, these receptors
transduce a positive signal of differentiation, guidance, or sur-
vival, whereas in the absence of ligand, they induce an active
process of apoptotic cell death. These receptors, called depen-
dence receptors, include p75"f, DCC (deleted in colorectal
cancer), UNC5H, Patched, Neogenin, and the tyrosine kinase
receptor RET (4-10). The proapoptotic activity of these recep-
tors, observed in the absence of their respective ligand, has been
speculated to be important to dictate the adequate territories of
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neuron migration or localization during the development of the
nervous system and to inhibit tumor growth in adult. This activity
has been exemplified in vivo with the dependence receptor
Patched and the survival of neuroepithelial cells in the devel-
oping spinal cord (4) as well as for the netrin-1 receptors DCC
and/or UNC5H in colorectal tumorigenesis (5). Here, we pro-
vide evidence that the protein tyrosine kinase receptor TrkC, a
main cognate receptor for NT-3, is also a dependence receptor.

Results

TrkC Is a Dependence Receptor. We first transiently expressed
full-length rat TrkC in HEK293T cells (in which HEK stands for
“human embryonic kidney”) or in immortalized olfactory neuro-
blast 13.S5.24 cells. TrkC expression was detected only when these
cells were transfected with a TrkC-encoding construct [supporting
information (SI) Fig. 5 and Fig. 1 4 and F]. As shown in Fig. 14,
cell death induction was associated with the expression of TrkC.
TrkC-induced cell death was defined as apoptosis because TrkC
expression induced (i) an increased caspase activity [determined by
the measurement of DEVD-AFC cleavage in cell lysate (Fig. 1B),
by the quantification of cells stained with anti-active caspase-3
antibody (Fig. 1C), or by measuring the cleavage of a FITC-VAD-
fmk caspase substrate in living cells (Fig. 1D)] and (if) an increased
DNA condensation [determined by the percentage of cells stained
with an anti-single stranded DNA antibody (SI Fig. 5B)]. This
apoptosis is caspase-dependent because addition of the general
caspase inhibitors zZVAD-fmk or boc-aspartyl(OMe)-fluorometh-
ylketone (BAF) fully inhibit TrkC-induced apoptosis (Fig. 1B and
data not shown). Interestingly, such a death-promoting effect is not
observed when TrkA or TrkB is expressed instead of TrkC (Fig.
1D), even though TrkA, TrkB, and TrkC are present at the cell
membrane at a similar level (SI Fig. 54 and data not shown). To
exclude the possibility that apoptosis induction could be caused by
abnormal autoactivation of TrkC, a kinase-dead mutant, TrkC
D679N, was expressed instead of TrkC wild type. This mutant,
which fails to induce Erk or Akt phosphorylation in response to
NT-3 (see Fig. 4C), displays a similar proapoptotic activity to TrkC
wild type (Fig. 1D). Thus, TrkC expression drives apoptotic cell
death that is not caused by TrkC kinase activity.

Author contributions: S.T.-D. and L.-Y.Y. contributed equally to this work; S.T.-D., U.A., and
P.M. designed research; S.T.-D., L.-Y.Y., J.R.C,, J.B.-R., C.M.-B., C.G., and M.-C.B. performed
research; J.R.C. contributed new reagents/analytic tools; S.T.-D., L.-Y.Y., U.A., and P.M.
analyzed data; and P.M. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Abbreviations: DRG, dorsal root ganglion; NGF, nerve growth factor; BAF, boc-
aspartyl(OMe)-fluoromethylketone.

*To whom correspondence should be addressed. E-mail: mehlen@lyon.fnclcc.fr.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0701243104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | August 14,2007 | vol. 104 | no.33 | 13361-13366

-
<
=
2
w
=
o
o
-
w
>
w
=]

>
(U4
=]
=
=}
)



http://www.pnas.org/cgi/content/full/0701243104/DC1
http://www.pnas.org/cgi/content/full/0701243104/DC1
http://www.pnas.org/cgi/content/full/0701243104/DC1
http://www.pnas.org/cgi/content/full/0701243104/DC1
http://www.pnas.org/cgi/content/full/0701243104/DC1
http://www.pnas.org/cgi/content/full/0701243104/DC1

SINPAS

& )
¥ < 3
25
40 3
= Y
- 3 2 . .
kS o caspase-3  Mock:8.4+1.7 %
g % 2% : 5=
© p 1.5
= 28
[} o =
© 2 8 =,
19 3 05
['4
. ]
0 TrkC : 35.3 5.8 %
2507
D 2 i Trke E o 56
38 toM=27% N\
FITC-VAD-fmk 0 NT3 ng/ml : « 1 10 50
100 101 102 103 10¢ 70
FL1-H 6
25(
£ 3 iMook % it e -
8 M, =25% & M, =45% B 4
o
= 3
10u 101 102 103 104 10“ 10'Fi132_H103 104 8 20
25 e
£ ’_‘M1 TrkA w b1 Trkc D67oN 10
3 M, =23% 3 M, =45% o
&
B-,-—-Mn.p $° TrkC

100 10* 102 10J 104 100 101 102 103 104 P
-H FL1-H NT3ng/ml 0 005 1255 10 50
wepat [ = ® =l
F N QO
) @ wepEk
LN
& @ \'\
‘J &
IS W8 Er
RLRCNCING) /\‘\Lo
e D
25 G o it
QT QF
20 ®°&<& SRS

b
o

o
o
=3

o
)
o

X
o

Relative caspase activity
(index)
o
o

g
=3

[

WB oTrkC
0.0

Fig.1. TrkCisadependencereceptor. HEK293T (A-C) or 13.5.24 (D-G) cells were
transfected with the mock plasmid (Mock) or expression plasmid TrkA, TrkB, or
TrkC. (A) Cell death induction by TrkC measured by trypan blue exclusion. Stan-
dard deviations are indicated (n = 3). (B) TrkC induced increased caspase activity,
monitored by cleavage of the Ac-DEVD-AFC substrate. zZVAD-fmk, a general and
potent caspase inhibitor, was also used. (C) TrkC induces caspase-3 activation as
measured by immunostaining with antiactive caspase-3 antibody. Representative
images are shown. Quantification is indicated together with standard deviations
(n = 3). (D) Transfected cells were labeled with FITC-VAD-fmk. As a control, a
kinase-inactive (see Fig. 4C) TrkC (TrkC D679N) was also transfected. A represen-
tative flow cytometry analysis is shown. Note that TrkC induces caspase activa-
tion, whereas TrkA and TrkB behave like mock transfection. (E-G) Mock 13.5.24
cells or rat (E and F)/human (G) TrkC transfected 13.5.24 cells were treated with
increasing doses of NT-3 (0.5, 1, 2.5, 5, 10, and 50 ng/ml as indicated for rat TrkC
and 10 ng/ml for human TrkC). (E) Cell death induction by TrkC measured by
trypan blue exclusion (Upper). Phosphorylation of Akt and Erk is shown by
immunoblot with anti-phospho Akt and anti-phospho Erk (Lower). A loading
control is indicated by immunoblot on total Erk. (F) NT-3 inhibits TrkC-induced
caspase activity, as monitored by using the Ac-DEVD-AFC substrate. Note that the
level of TrkC expression is similar in the different tested conditions as shown by
Western blot. (G) Human TrkC instead of rat TrkC was expressed in 13.5.24 cells.
Cell death was measured by enumerating the cells labeled with active caspase-3.
A ratio is presented as active caspase-3-positive cells in each condition to the one
detected in the mock transfection. Standard deviations are indicated (n = 3).

Cells with active caspase-3
activity (index)
B

We then assessed whether the presence of NT-3 affected TrkC-
proapoptotic activity. TrkC-mediated cell death [measured by the
trypan blue exclusion assay (Fig. 1E), by caspase activity (Fig. 1F),
or by DNA condensation (SI Fig. 5C)] was inhibited, in a dose-
dependent manner, by NT-3 used within the range of NT-3
concentration that triggered the classic positive signaling down-
stream of TrkC [i.e., measured by Akt or Erk phosphorylation (Fig.
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Fig.2. TrkCis a caspase substrate. (A) TrkC is mainly cleaved by caspase-3 in
vitro. The in vitro-translated intracellular domain of TrkC, but also of TrkA and
TrkB, was incubated in the absence of caspase or with purified caspase-3 or
caspase-8 (0.3 uM). An autoradiograph is shown. (B) Aspartic acid residues 641
and 495 are the cleavage sites. As shown in the lower autoradiograph, the
TrkC IC D495/D641N mutant is not cleaved by caspase-3. (C) TrkC wild type or
mutated at either single (TrkC D495N, TrkC D641N) or both (TrkC D495N/
D641N) cleavage sites were expressed in 13.5.24 cells in the presence or
absence of z-VAD-fmk. (D) Semidissociated DRG were left untreated (—) or
treated overnight with NT-3 or with the TrkC blocking antibody AF1404
together with BAF or not. In C and D, cleavage fragments are observed by
Western blot with a TrkC C terminus-directed antibody. D Top shows the
full-length TrkC, whereas D Middle shows a 20-kDa fragment. D Bottom is a
loading control revealing actin.

1E)]. Hence, NT-3 blocks TrkC-mediated apoptosis. Moreover, the
dependence effect is not restricted to rat TrkC; human TrkC also
triggers cell death unless NT-3 is present (Fig. 1G). Taken together,
these data show that TrkC acts as a dependence receptor.

TrkC Intracellular Domain Is Cleaved by Caspase. To elucidate the
molecular mechanisms of TrkC-induced cell death, we further
analyzed the involvement of caspases. The dependence receptors
DCC, UNCS5H, Patched, and RET were shown to require prelim-
inary caspase cleavage to induce cell death (4, 6—8). We therefore
analyzed whether the intracellular domain of TrkC can be cleaved
by caspases. The intracellular region of TrkC encompasses the last
372 C-terminal amino acids. This domain was translated in vitro, and
the product was incubated with purified active caspase-3 or
caspase-8. Fig. 24 shows that the intracellular domain of TrkC is
cleaved in vitro by caspase-3 but not by caspase-8. In the same
experimental conditions, TrkA and TrkB intracellular domains
failed to be significantly cleaved by caspase-3 (Fig. 24). Hence,
TrkC is cleaved in vitro by caspases and particularly by caspase-3-
like caspases. Incubation with active caspase-3 leads to the detec-
tion of cleavage products that migrate at apparent relative molec-
ular masses of 19, 15, and 6 kDa, suggesting the presence of at least
two sites of cleavage. The caspase cleavage sites were mapped by
constructing mutants based on preferred P4 and P1’ positions (9)
and the apparent relative sizes of the caspase cleavage fragments.
Whereas mutation of various aspartic acid (Asp) residues within the
intracellular domain of TrkC had no effect on caspase-3 cleavage,
the mutation of Asp-641 to Asn completely suppressed the appear-
ance of the 19- and 15-kDa fragments (Fig. 2B). The second caspase
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site was subsequently located at Asp-495, because the double
mutant D641N and D495N was completely resistant to caspase-3
cleavage (Fig. 2B). Thus, TrkC is cleaved by caspases at two sites
located at Asp-495 and Asp-641. Interestingly, these aspartic resi-
dues appear to be conserved in chick, rat, mouse, and human TrkC,
but they were not found at the corresponding positions in TrkA or
TrkB. An immunoblot performed on 13.S.24 cells expressing TrkC,
by using an antibody raised against a TrkC C-terminal epitope,
revealed two bands (around, respectively, 35 and 20 kDa) that failed
to be detected when cells were treated with the general caspase
inhibitors zZVAD-fmk (Fig. 2C) and BAF (SI Fig. 64). The same
two bands were observed when human TrkC was expressed in
13.S.24 cells (SI Fig. 6C). Moreover, the mutation of D495N inhibits
the appearance of the 35-kDa fragment (mutation of D641N is
associated with the absence of the 20-kDa band), whereas the
double mutant expressed in 13.S.24 cells fails to show either of these
two fragments (Fig. 2C). Thus, these two bands represent two TrkC
fragments resulting from the endogenous caspase cleavage of TrkC
at Asp-495 and Asp-641. Interestingly, this caspase cleavage at the
two sites is not affected by overexpression of the Trk coreceptor
p75™" (SI Fig. 6D). Yet, the nature of the TrkC-cleaving caspase
remains to be shown. Indeed, if in vitro caspase-3 cleaves TrkC, it
is probably not only caspase-3 that cleaves TrkC in cells; both
caspase-3 inhibitor DEVD-fmk and the use of a dominant-negative
mutant for caspase-3 fail to block caspase-dependent cleavage of
TrkC in 13.S.24 cells (SI Fig. 6 A and B). To monitor whether the
TrkC cleavage by caspases naturally occurs, embryonic mouse
dorsal root ganglion (DRG) were semidissociated and maintained
overnight in the presence of 10 ng/ml NT-3 or in the presence of a
TrkC-blocking antibody together or not with the caspase inhibitor
BAF. Whereas a 20-kDa band was detected in normal culture
condition, this TrkC fragment disappeared with NT-3 or BAF while
it was enhanced by the blocking antibody presence (Fig. 2D).
Together, these data support that TrkC is cleaved by caspases in
cell-free conditions, in transfected cells, and in DRG.

Caspase Cleavage of TrkC Releases a TrkC-Proapoptotic Domain. To
evaluate the functional importance of the cleavage of the TrkC
protein by caspases, we expressed the full-length TrkC D641N
mutant, the TrkC D495N mutant, or the TrkC D641N/D495N
double mutant in 13.S5.24 or HEK293T cells, and cell death was
assessed by trypan blue exclusion assay, and by measuring caspase
activity or DNA condensation (Fig. 3 A-D). Remarkably, although
the mutations of one single caspase site and both caspase sites failed
to affect expression levels and plasma membrane localization of
TrkC (Fig. 34 and data not shown), they were sufficient to fully
inhibit TrkC-proapoptotic activity (Fig. 3 B-D). Taken together,
these results indicate that the caspase cleavage of TrkC is a
prerequisite for TrkC-proapoptotic activity. We next investigated
whether this cleavage allows the release or the exposure of a
proapoptotic domain (i.e., the dependence domain). The deletion
of the region located after Asp-495 was sufficient to abrogate
TrkC-proapoptotic activity (data not shown). We then expressed
the complete intracellular domain, the region located after the
second caspase cleavage site Asp-641, or the fragment encom-
passed between the two caspase cleavage sites in 13.S.24 cells. As
shown in Fig. 3 F and G, expression of the fragment located
between Asp-495 and Asp-641 (Fig. 3E) was sufficient to trigger
apoptosis, whereas the 642-825 fragment failed to display any
proapoptotic activity. Intriguingly, TrkC intracellular domain ex-
pression failed to induce apoptosis, whereas the full-length TrkC
was proapoptotic, suggesting that the caspase cleavage and the
subsequent cell death induction requires transmembrane TrkC
(Fig. 3 F and G). Moreover, together with the observation that the
mutation of one single caspase cleavage site is sufficient to abrogate
TrkC-proapoptotic activity, the fact that the fragment resulting
from the two caspase cleavages (i.e., TrkC 496-641) kills cells,
whereas the fragment resulting from the single caspase cleavage at
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Fig.3. TrkCcleavage releasesaproapoptoticdomain. (A-D) Mutation of one
or two caspase cleavage sites of TrkC inhibits the proapoptotic activity of TrkC.
(A) Mock plasmid- (Mock), TrkC-, or TrkC D495N-transfected 13.5.24 cells were
analyzed by Western blot with anti-HA (HA-TrkC) antibody, by FACS analysis
for membrane localization, as in SI Fig. 54, and by FACS analysis for measure-
ment of caspase activity, asin Fig. 1D. (B) Single or double caspase-site mutants
were transfected into HEK293T cells, and caspase activity was measured by
DEVD-AFC cleavage in cell lysates, as in Fig. 1B. (C and D) TrkC D495N/D641N
mutant is not proapoptotic in HEK293T cells, as measured by trypan blue
exclusion (C) or by DNA condensation as in Sl Fig. 5B (D). Standard deviations
are indicated (n = 3). (E) TrkC is composed of 825 amino acids. Caspase
cleavage sites are located at D495 and D641 in the cytoplasmic region of the
receptor. EC, extracellular domain; IC, intracellular domain; TK, tyrosine ki-
nase domain; LRR, leucin-rich repeat; Ig, Ilg domain; C-rich: cystein-rich do-
main; TM, transmembrane domain. (F and G) The fragment released by
caspase cleavage (496-641) is a potent cell death inducer when expressed in
13.5.24 neuroblasts, as measured by a caspase activity assay based on FITC-
VAD-fmk, asin Fig. 1D (F), or by trypan blue exclusion (G). Standard deviations
are indicated (n = 3). (H) Primary sensory neurons were maintained with NT-3,
microinjected with a mock plasmid (Mock) or with the plasmid encoding TrkC
496-641. Living neurons were counted 72 h later and expressed as the
percentage of initially injected neurons. The standard errors of the means are
shown (n = 3). (/) 13.5.24 cells were cotransfected with expression plasmids for
TrkC 496-641 (or empty vector) and either empty vector (Mock), Bcl-2, or
dominant-negative (DN) caspase-2, -8, or -9. Apoptosis was measured by
monitoring caspase activity as in Fig. 1D. Caspase activity is presented as the
ratio between the TrkC 496-641-transfected population and the control-
transfected population for each cotransfection (Mock, Bcl2, Casp2DN,
Casp8DN, and Casp9DN). Standard deviations are indicated (n = 3).

Asp-495 (for example, TrkC 496-825) does not, supports the
argument that both caspase cleavages are required for TrkC-
induced apoptosis (Fig. 3F).

To monitor whether this fragment was proapoptotic in a more
biological setting, we analyzed whether expression of this depen-
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ptotic activity of TrkC. (A and B)

TrkC IC D641N acts as a dominant-
negative mutant of TrkC. HEK293T i
cells were transfected with the
mock plasmid (Mock), the TrkC ex-
pression plasmid together with the
mock plasmid, or the TrkCICD641N
expression plasmid. The dominant- N

negative effect of TrkC IC D641N

was measured by trypan blue exclu- 0

sion (A) or a caspase activity assay, E
asinFig. 1B(B).Standard deviations
are indicated (n = 3). (C) 13.5.24

x
<,

%y

2

3
o
;N
%o

©
@

»
°

% Cell death
5

Relative caspase activity (index)
© =
o o

o

NT-3 deprived R
neurons s

%
‘v
)
%

NGF deprived &
neurons R

@ (P NT-3deprived  «® NGF deprived &
Q neurons  x neurons ~
¥

LY294002- - 4+ - - 4 - - o+
U026 - -+ - -+ - - 4

PoAKE P (- -

P-Erk » = -

T T — ——

o > D 5 T e W - g

siRNA TrkC

neuroblasts were transfected with
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(TrkCD679N), or cotransfected
with TrkC and the dominant-
negative mutant TrkC IC D641N, in
the presence or absence of 10 ng/ml
NT-3 and with or without the addi-
tion of a PI3K inhibitor (LY294002,
10 pM) or a MEK inhibitor (U0126,
10 uM). Akt and Erk phosphoryla-
tion was visualized by Western blot
with an anti-phosphoAkt and an ©
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tively. The levels of Akt and Erk ki-

% Survival
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nases were shown by reprobing the membrane with an anti-total Akt antibody or an anti-total Erk antibody, respectively. TrkCimmunoblot is also shown. Similar
results were obtained by using the FACE-Akt ELISA (Active Motif, Carlsbad, CA). (D and E) Sensory neurons were maintained with NT-3 or NGF, microinjected
with a mock plasmid (Mock) or the plasmids encoding TrkC IC D641N (D) or kinase dead TrkC IC D641N/D679N, the dominant-negative mutant of Ret (i.e., Ret
IC D707N) or TrkC IC (E), and grown further without NT-3 or NGF. Living neurons were counted 72 h later and expressed as the percentage of initially injected
neurons. Experiments shown in D and E were performed separately. (F) Same as D and E: sensory neurons were maintained with NT-3, microinjected with
endogenous TrkCsiRNA and either TrkC or TrkC D495N/D641N, and grown further in the absence of NT-3. Living neurons were counted 72 h later and expressed
as the percentage of initially injected neurons. The standard errors of the means are shown (n = 3). (G) Same as in C, except that Akt/Erk phosphorylation was

measured in 13.5.24 cells transfected with TrkC or TrkC D495N/D641N.

dence domain of TrkC (TrkC 496-641) was proapoptotic in TrkC
expressing primary neurons. We analyzed embryonic mouse DRG
neurons maintained in culture for 5 days with NT-3 and then as a
control deprived of NT-3 (also see Fig. 4). As shown in Fig. 3H,
expression of this domain via microinjection was apoptotic in
NT-3-maintained DRG neurons, hence surpassing the survival
signaling provided by NT-3. Together with the fact that NT-3
inhibits caspase-dependent TrkC cleavage in DRG (Fig. 2D), this
observation supports the view of unbound TrkC being cleaved by
caspases, resulting in the release of a TrkC-proapoptotic fragment.
How the released fragment induces apoptosis remains to be shown.
However, it is interesting to note that death induction by this
fragment resembles death induction by DCC, another dependence
receptor (6). Indeed, TrkC dependence domain-induced 13.S.24
cell death appears independent of the death-receptor pathway
because expression of a dominant-negative mutant of caspase-8 that
is known to block TNF- or Fas-induced cell death failed to inhibit
TrkC-496—-641-induced cell death (Fig. 37). Similarly, TrkC depen-
dence domain-induced cell death was not inhibited by the
dominant-negative mutant of another initiator caspase, caspase-2
(Fig. 3I). On the contrary, caspase-9 dominant-negative mutant
fully inhibited cell death induced by the TrkC dependence domain
(Fig. 3I). The requirement of caspase-9 was rather suggestive of the
involvement of the mitochondrial apoptotic pathway. Yet, we failed
to observe inhibition of 13.S.24 cell death when Bcl2 was overex-
pressed (Fig. 31), hence suggesting that this released domain does
not kill through the mitochondria-dependent pathway. This finding
is in agreement with the observation that Bcl-xL. overexpression
failed to block the death of cultured DRG neurons associated with
NT-3 withdrawal (L.-Y.Y. and U.A., unpublished data). However,
this observation is not supported by the phenotype of NT-3/Bax
double knockout mice that show survival of proprioceptive neu-
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rons, suggesting a more complex regulation of neuronal death in
vivo (10). Even though a more detailed study on the mechanisms
used by the TrkC dependence domain to kill cells in vivo and in vitro
remains to be done, it is intriguing to relate TrkC-induced cell death
with DCC-induced cell death that requires (/) DCC cleavage by
caspase, (if) the release/exposure of a proapoptotic dependence
domain, and (iif) interaction of this domain with caspase-9 and
activation of caspase-9 (11). Whether the dependence domain of
TrkC recruits caspase-9 and activates apoptosis through such a
caspase-activating complex remains, however, to be shown.

The Dependence Receptor Activity of TrkC Is a Prerequisite for Sensory
Neuron Death. We then investigated whether the TrkC-proapoptotic
activity described here has any implication in the death of primary
neurons after withdrawal of NT-3. As also observed with the
dependence receptor Patched (Ptc), we first noticed that the
expression of a mutant form of TrkC [i.e., the intracellular domain
of TrkC bearing a mutation on the caspase site D641 (TrkC IC
D641N)] completely inhibits cell death induced by full-length TrkC
(Fig. 4 A and B). This dominant-negative effect was specific,
because the expression of TrkC IC D641N had no effect on Ptc- or
Bax-induced apoptosis (data not shown). Thus, TrkC IC D641N
acts as a specific dominant-negative mutant for TrkC-proapoptotic
activity. The D641N mutation could theoretically lead to ectopic
activation of the TrkC kinase domain when the intracellular region
is separated from the whole receptor, and the resulting enhanced
survival signaling could prevent apoptosis. To exclude this possi-
bility, we analyzed Erk and Akt phosphorylation in response to
NT-3 treatment in TrkC-transfected 13.S.24 cells. As shown in Fig.
4C, the presence of the TrkC IC D641N dominant-negative mutant
does not induce activation of Erk/Akt in the absence of NT-3, nor
does it interfere with NT-3-dependent TrkC-mediated Erk/Akt
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activation. Thus, the TrkC IC D641N does not prevent the death via
increased survival signaling but, instead, via interfering with death
signaling activated by deliganded TrkC.

To check the antiapoptotic effect of TrkC IC D641N on endog-
enous TrkC, we dissociated DRG from embryonic mice and
cultured sensory neurons in the presence of NT-3 for 5 days.
Control neurons were maintained with NGF that activates TrkA.
Withdrawal of either NGF or NT-3 leads to death of ~60-70% of
the neurons, upon being counted 72 h later. We microinjected the
NT-3- or NGF-maintained neurons with either TrkC IC D641N or
the mock vector and removed NT-3 or NGF. As shown in Fig. 4D,
the dominant-negative mutant dramatically enhanced survival
of the NT-3-deprived neurons, although it did not affect the death
of NGF-deprived neurons. Interestingly, microinjection of a con-
struct encoding the intracellular domain of TrkC without the
D641N mutation had no effect on survival of the NT-3-deprived
neurons (Fig. 4E). Thus, the antiapoptotic effect of TrkC IC D641N
on NT-3-deprived neurons is not due to overexpression of the
ectopic TrkC intracellular domain, which may have forced TrkC
kinase catalytic activity. To specifically exclude the role of the
tyrosine kinase domain, we microinjected the TrkC IC D641N
bearing the additional kinase-inactivating mutation D679N (this
mutation abrogates TrkC ability to activate Erk or Akt in response
to NT-3; see Fig. 4C). As shown in Fig. 4F, the kinase-inactivating
mutation did not abolish the death-suppressing activity of TrkC IC
D641N in NT-3-deprived neurons, showing that the tyrosine kinase
catalytic activity is not involved here. Moreover, the antiapoptotic
effect of TrkC IC D641N on NT-3-deprived neurons is receptor-
specific, because the microinjection of a dominant-negative mutant
of another dependence receptor, Ret (Ret IC D707N), into NT-
3-deprived (and also NGF-deprived) neurons failed to inhibit death
(Fig. 4E). To further study whether cell death observed upon NT-3
loss is related to the endogenous proapoptotic activity of unbound
TrkC, we performed a replacement study in which endogenous
TrkC was inhibited via microinjection of siRNA while ectopic TrkC
wild type or TrkC mutated in the two caspase sites TrkC D495N/
D641N was expressed. As control experiments, microinjection of
control siRNA failed to have significant effect on primary neurons
death upon NT-3 loss (data not shown). Moreover, as shown in Fig.
4F, similarly to the control situation, replacement of endogenous
TrkC by ectopic TrkC is associated with primary neuron death in
response to NT-3 loss. On the other hand, the replacement of
endogenous TrkC by the TrkC caspase-dead mutant inhibited cell
death induction upon NT-3 withdrawal (Fig. 4F). Moreover, this
effect is not due to a possible interference of the caspase site’s
mutation with TrkC positive signaling, because TrkC wild type and
TrkC D495N/D641N show a similar pattern of Akt/Erk phosphor-
ylation in the absence or presence of NT-3 (Fig. 4G). Taken
together, these data demonstrate that the cell death observed upon
NT-3 loss is not only due to the loss of survival signals but also to
an active cell death stimulus triggered by unbound TrkC.

Discussion

Many neurons die physiologically in vivo at different stages of
development, a process in which neurotrophins and their receptors
play a key role. In developing sensory ganglia, NT-3-dependent
neurons are overproduced. Excess neurons are removed through a
deficiency in NT-3 during periods of programmed death. Along this
line, overexpression of NT-3 in mouse increases the number of
neurons in DRG (12-14). The classic view proposes that the death
of these neurons is due to loss of the survival signals (i.e., MAPK
and/or PI3K pathways) resulting from the loss of kinase activation
of neurotrophins receptors. Yet, from our study, it appears tempt-
ing to speculate that excess TrkC-expressing NT-3-sensitive neu-
rons die not only because of the loss of these survival signals but also
via the unbound TrkC-triggered proapoptotic pathway described
here. One interesting hint that fits with this hypothesis is provided
by the data obtained from the different knockout mice for neuro-
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trophins and their respective receptors. Indeed, inactivation of
TrkA or NGF in mouse results in the same amount of sensory
neurons loss at birth (i.e., nociceptive neurons) (15). Similarly,
inactivation of either TrkB or BDNF results in an equivalent loss of
mechanoceptive neurons (16, 17). On the other hand, neonates
invalidated for TrkC present a loss of 30% DRG neurons, whereas
NT-37/~ neonates have lost 70% of them (18, 19). The search for
an explanation that may fit with the classic view of neurotrophins
acting only positively via kinase-dependent signaling has raised a
controversy and two hypotheses are currently proposed. Farinas et
al. (20, 21) suggested that the increased loss of DRG neurons in
NT-37/~ mice is explained by the ability of NT-3 to signal through
TrkA and TrkB (20-22). Alternatively, Ernfors et al. (17) have
proposed that the effect is due to the death of neuronal precursors
that in their vast majority express TrkC early during gangliogenesis
before the different subpopulations are established (24). Yet, an
alternative and attractive explanation for this discrepancy between
TrkC and NT-3 inactivation could be related to the dependence-
receptor facet of TrkC. Indeed, as a common feature of dependence
receptors, it has been postulated that inactivation of the ligand of
a dependence receptor should be associated with a more profound
phenotype than inactivation of the receptor. This discrepency has
been further demonstrated for the dependence receptor neogenin
(25). In the case of TrkC, neuronal death observed in TrkC mutant
mice could then be the result of the loss of the positive/kinase
signaling of TrkC, whereas neuronal death observed in NT-3
mutant would be the result of both the loss of the positive pathway
and the constitutive proapoptotic activity of TrkC. Such a view
would be proven, per se, if the double NT-3/TrkC mutant mice show
a less-severe phenotype than NT-3 mutant mice. This possibility
needs to be further investigated.

Even though it appears clear that more in vivo data are required
to apprehend the relative importance of the loss of survival signals
and of the active proapoptotic signal initiated by unbound TrkC,
this work brings a twist in the neurotrophic theory that assumes that
the loss of neurotrophic factors equals the loss of survival signals,
leading to “death by default.” Here, we propose that the mere loss
of survival signals is not sufficient to explain physiological neuronal
death. An active proapoptotic activity is also necessary to create the
“Intrinsic apoptotic status” when neurotrophic support is inade-
quate. In some cases, this active proapoptotic signal is provided by
dependence receptor-independent mechanisms, such as the stim-
ulation of p75"™ by unprocessed pro-NGF (26, 27), or the engage-
ment of the Fas receptor by the Fas ligand (28). However, in several
cases, as shown here in NT-3-dependent sensory neurons, such
proapoptotic activity could be mediated by the unbound depen-
dence receptor TrkC.

However, it can be argued that TrkC, which requires a caspase
cleavage to be proapoptotic, is not sufficient to trigger apoptosis by
itself but rather acts as an amplifier downstream of a primary
apoptotic stimulus. Indeed, how can a receptor initiate apoptosis
while it requires, to produce a proapoptotic molecule, a cleavage by
caspases that are believed to be the effectors of apoptosis? One
possibility is that the process may be initiated by a noncaspase
protease, then propagated via caspase cleavage. Only a few cleavage
events by a noncaspase protease would then be sufficient to initiate
the cell death pathway by locally activating enough caspase to
generate a caspase-amplification loop via these receptors. Alter-
natively, the now-old dogma suggesting that caspases are com-
pletely inactive in nonapoptotic cells and are only activated mas-
sively upon proapoptotic stimuli might be wrong. Recent findings
have shown that caspase zymogens display some protease activity
(29), whereas cells express endogenous caspase inhibitors, such as
IAP proteins, that prevent the propagation of active caspases.
Similarly, local caspase activation without cell death induction is
now being documented (30, 31). Cell-death induction could there-
fore result from caspase amplification rather than from caspase
initiation, and this would support the importance of the cellular
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control of caspase activation/inhibition in cell-fate determination:
cell death induction would be the result of a move from low/local
caspase activation (i.e., that may have a “positive” input on the cell
like cell differentiation) (30) to high/distributed caspase activation.
The balance between low/local and high/distributed caspase acti-
vation would therefore likely be modulated by endogenous caspase
inhibitors such as IAPs and by endogenous caspase amplifiers such
as the dependence receptor TrkC.

Interestingly, TrkA- and TrkB-forced expression failed to induce
apoptotic death of HEK293T or 13.S.24 cells. Moreover, TrkA and
TrkB are not cleaved by caspases in vitro. Thus, whereas TrkC is a
prototype dependence receptor, TrkA and TrkB are probably not,
suggesting that even closely related receptors like TrkA, TrkB, and
TrkC can acquire a completely different activity regarding cell
survival/cell death. Beside mono-sided receptors like TrkA and
TrkB, which induce only survival when liganded, two-sided recep-
tors like TrkC control both survival and death. It is tempting to
speculate that both sides of the TrkC/NT-3 pair play important roles
during development of the nervous system. Whereas the positive
signaling pathways activated by TrkC upon NT-3 binding are
important for cell differentiation, proliferation, or survival, the
negative signaling pathway initiated by TrkC in the absence of NT-3
may be part of the normal apoptotic removal of cells during
embryogenesis and adult tissue homeostasis.

TrkC is also involved in tumor formation and especially in
medulloblastoma. In particular, elevated expression of TrkC by
childhood medulloblastomas is associated with favorable clinical
outcome, and it has been proposed that this effect may be related
to the ability of TrkC to trigger apoptosis. Indeed, overexpression
of TrkC inhibits the growth of intracerebral xenografts of a me-
dulloblastoma cell line in nude mice, and TrkC expression by
individual tumor cells is highly correlated with apoptosis within
primary medulloblastoma biopsy specimens (32, 33). Even though,
to date, this implication has been seen under a classic scheme of a
receptor activated by its ligand NT-3, it may be worth considering
the importance of the dependence receptor side of TrkC in
medulloblastoma development. Moreover, the data presented here
with the TrkC tyrosine kinase receptor, which will possibly hold for
some other tyrosine kinase receptors, also raises questions about
the common anticancer strategy, which is based on inhibiting
survival pathways by interfering with the kinase activity of recep-
tors. According to our data, inhibiting the kinase activity may not
be sufficient to efficiently trigger death of tumor cells. Thus, a
cotreatment based on both kinase inhibition and stimulation of the
proapoptotic activity of these tyrosine kinase dependence receptors
could appear as a more attractive and efficient therapeutic strategy
that may bypass some of the currently observed tumor resistance.
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Materials and Methods

Detailed materials and methods are provided as SI Materials and
Methods.

Cell Cultures, Transfection Procedures, Plasmids, and Products. Vec-
tors, cell culture, and transfections of HEK 293T and olfactory
neuroblasts 13.5.24 cells were performed as previously described
(4). Trk plasmids were from S. Meakin (University of Western
Ontario, London, ON, Canada), P. Sorensen (University of British
Columbia, Vancouver, BC, Canada), and B. Nelkin (The Johns
Hopkins University, Baltimore, MD). The other constructs were
described in refs. 11 and 34, and TrkC mutants were generated by
means of QuikChange strategies (Stratagene, La Jolla, CA). Re-
combinant proteins and antibodies were purchased as described in
SI Materials and Methods.

Cell-Death Analysis. Cell death was analyzed as described in refs. 6,
8, and 9, or by flow cytometry with FITC-VAD-fmk (Promega,
Madison, WI) or anti-ssDNA/APOSTAIN antibody (AbCys) as
described in SI Materials and Methods.

Caspase Cleavage in Vitro, in Cell Cultures, and in DRG. In vitro
transcription/translation and incubation with caspase-3 or -8 were
performed as described previously (6). Cleavage of TrkC in 13.5.24
cells or in DRG is described in SI Materials and Methods.

MAPK/PI3K Pathways Activation. Erk and Akt phosphorylation was
monitored in cells stimulated or not with NT-3 by using specific
phospho-antibodies as described in SI Materials and Methods.

Sensory Neuron Dissociation, Culture, and Injection. DRGs were
prepared essentially as described for trigeminal neurons (35). The
neurons were microinjected essentially as described in ref. 34 and
SI Materials and Methods.
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